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ABSTRACT: Acoustically adept species in the marine environment have to contend with complex
and highly variable soundscapes. In the ocean today, sounds from human sources contribute
substantially to the underwater acoustic environment. We used a 4-element hydrophone array in
Glacier Bay National Park to (1) identify primary drivers of ambient sound in this region, (2) in-
vestigate whether humpback whales Megaptera novaeangliae exhibit a Lombard response in
response to ambient noise, and (3) investigate whether humpback whales adjust their calling
activity in response to naturally occurring and vessel-generated sounds. We found that cruise
ships and tour boats, roaring harbor seals Phoca vitulina, and weather events were primary drivers
of ambient sound levels, and that they varied both seasonally and diurnally. As ambient sound lev-
els increased, humpback whales responded by increasing the source levels of their calls (non-
song vocalizations) by 0.81 dB (95% CI = 0.79-0.90) for every 1 dB increase in ambient sound.
There was no evidence that the magnitude of the observed response differed between natural and
man-made sounds. We also found that the probability of a humpback whale calling in the survey
area decreased by 9% for every 1 dB increase in ambient sound. Controlling for ambient sound
levels, the probability of a humpback whale calling in the survey area was 31-45% lower when
vessel noise contributed to the soundscape than when only natural sounds were present.
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INTRODUCTION

Anthropogenic sounds are recognized as a threat
to acoustically oriented species across taxa in both
the marine and terrestrial realm (Patricelli & Blickley
2006, Popper & Hastings 2009, Kight & Swaddle
2011, Potvin et al. 2011, Finneran 2015, Pacini &
Nachtigall 2016, Simpson et al. 2016). Pervasive
sound has the potential to limit acoustic communica-
tion, elicit changes in foraging behavior, alter preda-
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tor-prey dynamics, and have negative physiological
impacts (Weilgart 2007, Potvin et al. 2011, Rolland et
al. 2012, Richardson et al. 2013, Finneran 2015,
Simpson et al. 2016). This threat is particularly pro-
nounced in marine ecosystems, where low frequency
sound can travel great distances with little loss of
energy and where—in the absence of human activi-
ties—many marine species have evolved to rely on
sound as their principal sensory modality (Urick
1983, Richardson et al. 2013). The contemporary
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ocean is characterized by global trade, resource
extraction, and other maritime activities, all which
have an acoustic footprint (Haver et al. 2017, 2018).
Sound from large vessels in particular extends over
large distances underwater, often overlapping spa-
tially and temporally with ecologically important
environmental and biological sounds (Wenz 1962,
Hildebrand 2009, Parks et al. 2009, Haver et al.
2017). Sounds emanating from ships worldwide can
be characterized as chronic ‘noise’, i.e. an unwanted
acoustic signal that persists for a long duration with-
out stable and predictable intervals (Crutzen & Stoer-
mer 2000, McKenna et al. 2012, 2017, Lewis & Maslin
2015, Haver et al. 2017). Ecologists and managers
need to understand the effects of noise on species
which rely on sound for vital life functions in order to
prevent and mitigate negative interactions between
humans and wildlife.

While the threats associated with increasing anthro-
pogenic noise in the ocean are new from an evolu-
tionary perspective, acoustically oriented species
have been subjected to natural variation in ocean
soundscapes on time scales ranging from seconds to
millennia. Environmental noise from wind, waves,
and storms can dramatically increase ambient sound
levels across a broad range of spatial and temporal
scales (Wenz 1962, Hildebrand 2009). Sympatric spe-
cies contribute vocalizations to shared environments
(Wenz 1962, Scheifele & Darre 2005, Erbe et al. 2015).
Geological events such as earthquakes and volcanic
eruptions have acoustic signatures within the same
vocal range as several acoustically oriented marine
species (Nishimura & Conlon 1993, Kong et al. 1995,
McDonald et al. 1995, Buckingham & Garcés 1996,
Garcés et al. 2013). Sounds from these or other
sources combine to form an animal's ‘acoustic habitat’,
which we define as the combination of biological,
environmental, and anthropogenic sounds present
within a given environment in the frequency band
used by that animal. For effective communication to
occur within a species’ acoustic habitat under am-
bient biological and environmental conditions, an in-
tended signal must be detectable and interpretable
by a receiver (Bradbury & Vehrencamp 2011).

Many marine species have developed vocal adap-
tations that allow them to cope with highly variable
ambient sound conditions. In elevated ambient sound
conditions, animals may alter their call rate by calling
more or less often, alter the frequency (pitch) of their
vocalizations, change their acoustic communication
strategy from vocal to non-vocal, or adopt a response
known as the Lombard Effect whereby the animal
alters the amplitude (loudness) of calls in response to

the loudness of their acoustic environment (Brumm
& Slabbekoorn 2005). These strategies have been
documented for several marine mammal species,
e.g. North Atlantic right whales Eubalaena glacialis
(Parks et al. 2007, 2016), beluga whales Delphi-
napterus leucas (Lesage et al. 1999, Scheifele et al.
2005), and humpback whales Megaptera novaean-
gliae (Dunlop et al. 2010, 2014), indicating that these
animals are able to adapt their behavior in response
to changing noise conditions in their acoustic habitat.
Humpback whales are a migratory baleen whale
species with a cosmopolitan distribution and a diverse
acoustic repertoire that includes song (Payne &
McVay 1971, Herman 2017), calls (Tyack 1983, Silber
1986, Thompson 1986, Stimpert et al. 2011), and
percussive sounds (breaches, flipper slaps, tail lobs;
Whitehead 1985, Dunlop et al. 2010, Kavanagh et al.
2017). While the exact function of these sounds is not
certain, humpback whales use acoustic communica-
tion in concert with vital life functions such as breed-
ing (Herman 2017), foraging (D'Vincent et al. 1985,
Thompson 1986, Stimpert et al. 2007), migrating
(Dunlop et al. 2007), socializing (Silber 1986, Dunlop
et al. 2008, Dunlop 2017), and across age and sex
classes (Zoidis et al. 2008, Silber 1986, Dunlop et al.
2008), indicating that acoustic communication is an
important aspect of behavior for this species.
Humpback whales overlap spatially and temporally
with numerous maritime industries, including ship-
ping, oil and gas extraction, marine transportation,
and tourism (Weir 2008, Cerchio et al. 2014, Rosen-
baum et al. 2014). Due to their predictable seasonal
distributions and propensity for aerial displays, hump-
back whales are also the centerpiece of many whale-
watching operations worldwide (Corkeron 1995, Au
& Green 2000, Weinrich & Corbelli 2009). As such,
this species is culturally and economically valuable,
and also at risk of being disturbed by vessel noise. At
high latitudes, humpback whales change their diving
behavior in response to vessels transiting within 4 km
(Baker & Herman 1989) and significantly alter their
foraging behavior in the presence of vessels (Blair et
al. 2016); whether they alter their vocal behavior in
response to vessels on feeding grounds is unknown.
This differentiation may be significant for managers
tasked with mitigating negative interactions between
vessels and whales. In general, little is known about
humpback whale calling behavior at high latitudes
(but see Stimpert et al. 2011, Van Opzeeland et al.
2013), or whether this species is resilient to anthro-
pogenic noise while on their foraging grounds.
Glacier Bay National Park and Preserve (GBNPP)
is a marine protected area in Southeast Alaska
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that hosts a seasonal population of foraging hump-
back whales and year-round populations of several
other marine mammal species. As a wilderness
area and national park, GBNPP managers are
tasked with balancing the needs of Park resources
and values—which includes organisms, physical
processes, and cultural systems—with the human
user groups that come to the area seeking a recre-
ational experience. A vessel management system
has been implemented which limits the number of
vessels in the Park and limits human access to sen-
sitive areas. Additionally, GBNPP limits the course
and/or speed of vessels in certain places during
times of year where whales are usually present
(Code of Federal Regulations 2001). Large com-
mercial vessel traffic is scheduled in advance, such
that in GBNPP traffic is spatially and temporally
predictable during summer months. Cruise ships
and smaller tour boats typically enter and exit at a
predetermined time of day and follow a prescribed
path as they enter the bay. While the schedules of
smaller charter and private boats are less regi-
mented, the diurnal preferences of tourists gener-
ally follow the same rhythm. This results in punc-
tuated periods of vessel presence followed by
longer periods of vessel absence in portions of the
Park. The contributions of vessel traffic to the
underwater soundscape, including the impact of
vessel timing and vessel quotas, have been investi-
gated using a single hydrophone (McKenna et al.
2017, Frankel & Gabriele 2017, Gabriele et al.
2018). However, in the absence of a hydrophone
array, quantifying humpback whale responses to
vessel noise has previously been unfeasible. By
deploying a hydrophone array in a traditional
humpback whale foraging ground outside of the
direct cruise ship path but well within the acoustic
range of the vessels entering Glacier Bay, we
aimed to document calling patterns in the presence
of natural and man-made noise.

Our specific objectives were to (1) identify pri-
mary drivers of ambient sound in this region of
GBNPP and describe their seasonal and daily
patterns during the humpback whale foraging sea-
son, (2) investigate whether humpback whales in
GBNPP exhibit a Lombard response to ambient
sound conditions and, if identified, investigate
whether there is a threshold beyond which hump-
back whales fail to adjust their source levels to
ambient sounds, and (3) investigate whether hump-
back whales adjust their calling activity in response
to naturally occurring and vessel-generated sound
sources.

MATERIALS AND METHODS
Visual data collection

In June-August 2015 and June—September 2016,
visual scan point surveys of humpback whales and
vessels were conducted from an elevated (11 m)
viewing platform located on the easternmost point of
Strawberry Island (58.5184° N, 135.9867° W; Fig. 1)
in the Beardslee Island complex of GBNPP, Southeast
Alaska. Between 3 and 12 surveys were conducted
d~!. Surveys lasted 15 min, were separated by at least
5 min of rest, and occurred during daylight hours.
Whale densities in this region are low (median num-
ber of whales within 5 km = 4) and animals generally
travel at slow speeds (average swim speed = 5 km
h7!); prior knowledge of typical whale dive times,
observer training and pilot data collection indicated
that 15 min was an adequate amount of time to visu-
ally locate all humpback whales within the primary
survey area (visual range 5 km where not blocked by
land). Survey teams consisted of 2 observers, a
theodolite operator, and a data operator. Observer
roles were rotated to minimize fatigue and bias.

Whale and vessel locations were documented in
real time using a theodolite (DT-5; Sokkia) connected
to a laptop computer running the program Pythago-
ras (Cetacean Ecosystem Research). Every whale
and vessel within visual range was fixed with the
theodolite once per survey; whale behavior and ves-
sel type and size class were collected for each fix.
Theodolite outputs were converted to Cartesian coor-
dinates, and the total number of whales and vessels
present along with their locations were aggregated
for each 15 min survey. Aggregated counts also
included a small subset of whales that were visually
identified but could not be fixed by the theodolite.
These animals were documented during regular
survey effort, and their locations estimated visually
according to standardized geographic landmarks. A
categorical quality rating was developed based on
the visibility of geographic landmarks to describe
observing conditions. Surveys were included in the
analysis only if visibility was considered ‘good’ or
‘excellent’, an indication that visibility extended at
least 6 km to the north and south of the observation
station. Provided that visibility was rated at least
‘good’, surveys were not halted on account of rain.
Visual data were collected only in Beaufort sea state
2 or less, which is characteristic of wind activity in
this region during the summer. Wind speeds in the
Beardslee Island complex are typically low (Horel et
al. 2002), and only reached 10 knots or higher on 5%
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Fig. 1. Survey region in the Beardslee Island Complex, Glacier Bay National Park and Preserve, Southeast Alaska. Dashed

line: 3 km acoustic detection range; blue shading: water depth; stippling: area not within visual range of shore-based ob-

servers. Yellow 'X': visual observing station; red stars: 2016 hydrophone array; the 2015 array location was 1 km southwest.
Red arrow: approximate cruise ship path. Inset: star indicates larger map area within Alaska

(n =9 d) of the days during which the research team
was in the field. Surveys that ended early for any rea-
son, or that experienced sudden weather changes
resulting in a change in visibility, were omitted from
analyses.

Photographs of humpback whale flukes and dorsal
fins were collected opportunistically from shore and
by kayak between July and September 2015 and
2016 to identify individual whales (Katona & White-
head 1981). Photographs were matched to an exist-
ing catalog of known humpback whales in Southeast
Alaska (Straley & Gabriele 1997) to generate a mini-
mum number of individuals present throughout the
study period.

Acoustic data collection

Acoustic data were collected using a 4-element
planar array with a 1 km baseline deployed in the
Beardslee Island Complex of GBNPP from May to
October in 2015 and April to October 2016 (Fig. 1).
Each array element consisted of an autonomous
underwater hydrophone recorder (AUH, Fox et al.

2001; hydrophone model ITC-1032; International
Transducer Corporation) mounted on a weighted alu-
minum lander and connected to an acoustic release
(Edgetech); there was no surface buoy. The landers
suspended the 4 AUHs approximately 1 m above the
ocean floor at 62-81 m depth and recorded continu-
ously with a 10 kHz sampling rate and 16 bit reso-
lution. Hydrophone sensitivity was -192 dB re 1 V
uPa~! with a flat frequency response of +1 dB over
the 15 Hz-4 kHz frequency band. Incoming acoustic
signals were low-pass filtered (4 kHz corner fre-
quency) and conditioned (pre-whitened) by a pre-
amplifier. The resulting frequency-dependent sys-
tem sensitivity was —144.1 dBre 1 V uPa™! at 15 Hz
and -122.3 dB re 1 V pPa™! at 4 kHz, respectively.
Each AUH included a highly accurate internal clock
(Q-Tech model 120 number QT-2001, error of ap-
proximately 1 s yr!). Clocks were calibrated to satel-
lite (GPS) time at both deployment and recovery,
allowing for clock drift over the deployment to be
quantified and for recordings from each AUH to be
retroactively time-aligned. Clock drift was assumed
to be linear, as water temperatures did not vary
widely. Data were recorded as custom-format (.DAT)
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sound files and converted to WAVE (.wav) files for
analysis using a custom-written MATLAB script. Due
to a clock malfunction, the easternmost hydrophone
in 2015 could not be precisely time-aligned and was
excluded from localization analyses for that year.

Data analyses

Three separate but interrelated analyses were con-
ducted to meet project objectives. We conducted (1)
an acoustic habitat analysis to investigate sources of
ambient noise and identify diel, seasonal, and inter-
annual trends in ambient noise levels; (2) a Lombard
Effect analysis, to assess whether or not humpback
whales increase source levels in response to ambient
noise; and (3) a call probability analysis, to test the
hypothesis that the probability of a humpback whale
calling in the survey area changes as ambient sound
levels increase.

Soundscape level analysis and sound level extraction

Long-term spectral averages (LTSA) in the 15 Hz-
4 kHz range (1 Hz, 5 min bins) were calculated for
both deployment years from raw .DAT files of the
easternmost hydrophone using a custom MATLAB
algorithm. Information from individual hydrophone
pre-amp frequency response curves was applied to
the data retrospectively to obtain absolute received
level values for each 1 Hz/5 min bin. All measure-
ments are made in dBgys re 1 pPa @ 1 m (for source
levels) or dBgys re 1 pPa (for ambient levels) unless
otherwise stated. The easternmost hydrophone was
selected for ambient sound level analyses because
water currents were slowest at this location and
recordings contained less flow noise, which creates
artefacts in ambient sound measurements. For each
5 min bin, we used LTSA values to calculate broad-
band ambient sound levels in dBgys re 1 pPa in the
50 Hz-3 kHz band (hereafter ‘broadband levels’).
Sound levels in the 50 Hz-3 kHz bandwidth are
driven by biological and vessel noise as well as envi-
ronmental noise (wind and waves) (Wenz 1962, Cato
1976, Kipple & Gabriele 2003); this band was used to
assess and describe cumulative ambient sound levels
for given time periods. Seasonal and inter-annual
patterns in the acoustic data were investigated by
analyzing daily medians, 5® percentiles, and 95%
percentiles of broadband ambient sound levels by
year and month. Long-term spectrogram figures
were generated by plotting broadband bin values

according to time of day and date to identify diel and
seasonal noise trends. A selection of high-noise peri-
ods identified through LTSA figures were manually
reviewed in Raven Pro 1.5 (Cornell Lab of Ornithol-
ogy) and sound sources were aurally and visually
identified and annotated.

Lombard analysis

We used stratified random sampling to generate a
subset of data for manual review that accounted for
a broad range of vessel conditions. A total of 90
acoustic files of 1 h duration were randomly selected
from the 2015-2016 data set; based on theodolite-
tracked vessels, we chose 30 h corresponding to low
vessel periods, which were determined by the ab-
sence of vessels operating within visual range of the
observation tower (1-11 km for vessels), 30 h corre-
sponding to moderate vessel periods, when small
vessels were adjacent to but not operating within
3 km of the hydrophone array and cruise ships were
absent, and 30 h corresponding to high vessel peri-
ods, which included at least one cruise ship transiting
through the main channel adjacent to the survey
area (Fig. 1). Recordings were manually reviewed
in 1 min intervals (Hann window, discrete Fourier
transform [DFT] size 2048, analysis resolution 4.8 Hz
and 0.09 s, 50% overlap) in Raven Pro by a single
observer (M.E.H.F.). The start time, end time, lowest
frequency, and highest frequency of every detect-
able humpback whale call was logged. We took a
calibrated 2 s in situ ambient noise measurement in
the frequency range of the call (dBryms re 1 pPa,
inband power feature, Raven Pro; hereafter RMS;,.
pand) iMmediately preceding each vocalization, and
for each call also categorically annotated the simul-
taneous presence or absence of any type of aurally
discernible vessel noise within the 15 Hz-3 kHz
band.

Calls were localized using the near-field beam-
forming method described in detail by Matthews
et al. (2017b) and Fournet et al. (2018b), which
searches for the set of time-of-arrival delays that
give maximum power from the beamformer output
(Hawthorn et al. 2018). The variance of the energy
output from the beamformer was estimated using
Bartlett's formula, which resulted in error values in
meters for the northern and eastern bearings for
each call. A sound speed of 1481 m s™! was selected
for localization based on a temperature of 8.3°C
from a CTD cast collected by the National Park
Service in the survey area in 2015 and 2016 (Shar-
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man 2017). Localization methods were ground-
truthed by comparing GPS locations and theodolite
fixes of known sound sources to acoustic localization
estimates.

Using the ‘earth.dist’ function in the 'fossil’ pack-
age in R (Vavrek 2011), the distance between the
vocalizing animal and nearest hydrophone was cal-
culated for each call with an error of <100 m. Source
levels were estimated based on the formula SL = RL
+ TL, where SL is the estimated source level of the
call (dBrys re 1 pPa @ 1 m in the bandwidth of the
call), RL is the RMS received level in the bandwidth
of the call measured using the in-band power meas-
urement in Raven Pro, and TL (transmission loss) is
estimated using a 15 log(range) dependency. This
transmission loss coefficient was empirically derived
for this region during extensive acoustic characteri-
zation of GBNPP and reconfirmed by semi-empirical
modeling (Malme et al. 1982, Frankel & Gabriele
2017). RMS;,pang sound values were used to calculate
signal-to-noise ratios (SNRs). Initial data exploration
indicated there was no change in model results when
distant (localized to >2 km) calls or calls with low
SNR values were included in analysis; therefore, all
humpback whale calls with a localization error esti-
mate within 100 m that were localized to within 5 km
of the hydrophone array were included in the analy-
sis. For more detailed methods on source level calcu-
lations, see Fournet et al. (2018b).

A linear regression model was built to test for the
effect of RMS; pang levels in the bandwidth of the
respective call, file ID (a proxy for the individual
assemblage of animals present on a given recording),
day of the year, and year on humpback whale source
levels. A quadratic term was built into the model to
assess whether humpback whales failed to adjust
source levels beyond a certain ambient noise thresh-
old. Visual inspection of residual plots and histograms
indicated that assumptions of linearity, equal vari-
ance, and normality were met. Akaike's information
criterion (AIC) was used to assess which variables
should be conserved in the final model. Analysis of
covariance (ANCOVA) was used to test for differ-
ences in the magnitude of change in source level
(change in regression line slope) between vessel
treatments (vessel noise present vs. vessel noise
absent). Observations were treated as independent
because data were randomly subset across 36 unique
days in 2 separate years; however, there is potential
for single animals to have produced multiple calls.
Including file ID as a model variable allowed us to
assess the impact of potential oversampling. Record-
ing periods included in the analysis were separated

by a minimum of 12 h, and calls detected during one
period were assumed to be independent of calls de-
tected in other periods. Additionally, to demonstrate
the robustness of this data set to potential violations
in independence, we used non-parametric bootstrap-
ping with replacement (‘boot’ function in R; Canty &
Ripley 2012) to iterate linear regression and ANCOVA
analyses on smaller random subsets of calls. For each
iteration, one call from each file was randomly se-
lected for analysis (n = 54); this process was iterated
1000 times to generate model coefficients, 95 % con-
fidence intervals, and p-values. Humpback whale
residency time in the survey region was generally
limited to 1-4 h during the study.

Calling probability modeling

A total of 50 h of visual survey effort corresponding
to the logged acoustic recordings were subset across
the 2 yr to investigate the hypothesis that the proba-
bility of a humpback whale calling changed as ambi-
ent sound levels increased. The following data were
aggregated into 5 min bins: presence or absence of
a call with a SNR of 6 dB or greater, presence or
absence of a call with a SNR of 10 dB or greater, the
number of humpback whales located within 2 km of
the hydrophone array, the presence or absence of
vessel noise in the 15-1500 Hz band, and broadband
ambient sound levels. For this analysis, we measured
the likelihood of sampling a call more than 6 dB
above noise levels in every 5 min time bin, and sub-
sequently measured the likelihood of sampling a call
more than 10 dB above ambient noise levels in every
time bin as a function of these variables. We selected
5 min as an appropriate bin size because data explo-
ration indicated that (1) averaged over 5 min periods,
hydrophones recorded equivalent received levels from
transiting vessels, indicating that sound exposure is
approximately equal in the survey region throughout
that time period; and (2) humpback whales produce
calls in short bouts, so aggregating over 5 min peri-
ods increases the probability of detecting one or
several calls from an individual, while reducing the
probability of treating calls by the same individual as
independent.

We used the detection of a call within a 5 min bin to
measure the probability of a humpback whale pro-
ducing a call within our survey area. We created con-
servative inclusion criteria in order to (1) include all
bins where a humpback whale call would have been
detectable if it were produced from within 2 km of
the hydrophone array, and (2) exclude any bin that
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had a humpback whale call produced within 2 km of
the hydrophone array but not be detected because of
acoustic masking. Humpback whales in this region of
GBNPP maintain an average signal excess (dB loud-
ness of a call above ambient noise levels) of 52 dB
(Fournet et al. 2018b). There is some evidence that at
in-band noise levels above 105 dB, signal excess
decreases by approximately 1.5 dB (see Results), but
within the bounds of this study this should not signif-
icantly affect detection probability of animals vocal-
izing within 2 km of a hydrophone. Approximating
transmission loss as a 15 logio(range) dependency
(Malme et al. 1982, Frankel & Gabriele 2017), we
estimate the detection range of a calling humpback
in this area to be 2.91 km. Accordingly, 2 km was
selected as an appropriate inclusion range, given
the variability associated with signal excess and the
dynamic movement patterns of the

the inclusion criteria with broadband ambient sound
value >105 dB were manually re-reviewed. Any bins
that contained excessive flow noise from currents,
tides, or mechanical noise associated with recording
equipment were omitted from analysis regardless of
broadband sound level.

Lastly, to ensure that a lack of humpback whale call
detections represented a true absence of humpback
whale calling and was not merely an artefact of
acoustic masking, we also used harbor seal Phoca
vitulina roars as a detection proxy for humpback
whale calls. Harbor seals are sympatric with hump-
back whales throughout GBNPP, and have been the
focus of study using the same recording equipment
and time periods (Matthews et al. 2017a). During the
breeding season, male harbor seals in GBNPP roar
approximately once min~! (Matthews 2017). Harbor

whales; this is consistent with other 1.0- VR

studies investigating the impact of
ambient noise on humpback whale
vocal behavior (Dunlop et al. 2014).
For a bin to be included in the analy-
sis, at least one humpback whale had
to be visually present within 2 km of
the hydrophone array. Additionally,
for a given bin to be included in
analysis, the broadband ambient
sound value had to be less than or
equal to 108 dB (Dunlop et al. 2014).
Most of the energy contained in
humpback whale calls in Southeast

Harbor
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random selection of spectrograms
from this region, 112 dB in this band
was not loud enough to mask vocal-
izations (Fig. 2). However, to be con-
sistent with other studies and to mini-
mize the probability of attributing
masked vocalizations to a lack of call-
ing whales, we limited our analysis
periods to lower ambient noise condi-
tions (£108 dB). Furthermore, to be
included in modeling, any bins fitting
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Fig. 2. Spectrogram of (top) harbor seal Phoca vitulina roar vocalizations in high
noise (122 dB RMS re 1 pPa in the 50-3000 Hz band) and (bottom) harbor seal
roar and humpback whale Megaptera novaeangliae call in moderate noise

(112 dB re 1 uPa RMS, 50-3000 Hz)
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seal roars overlap in frequency with humpback whale
calls and share similar source levels (Fournet et al.
2015, 2018b, Matthews et al. 2017b) (Fig. 2). More-
over, harbor seals do not appear to adjust their call
rates in response to noise in the study area, exhibit a
maximum observed source level of 155 dB in the
presence of vessel noise (Matthews 2017), and lack
the ability to maintain signal excess as ambient noise
levels increase (L.P.M. pers. obs.). We examined 6 h
of recordings containing cruise ship passages for vi-
sual/acoustic evidence of harbor seal P. vitulina roars.
Harbor seal vocalizations with a SNR of at least 6 dB
were detected in every 5 min bin examined, regard-
less of noise level (max. broadband ambient sound
level: 122 dB, seal source level at that time: 155 dB).
Out of the 360 samples reviewed for evidence of
roars, 39 contained broadband ambient sound values
in excess of 108 dB. At no point in the manually re-
viewed data were harbor seal roars spectrographi-
cally obscured by ambient vessel sound (Fig. 2). By
demonstrating that it is possible to detect a harbor
seal roar in this region in a given noise regime, we as-
sert that it would also be possible to detect a calling
humpback whale in this region in the same noise
regime. Based on this assumption, bins were
excluded from modeling if noise levels were high
enough to prevent the visual identification of harbor
seals roars at any point within the 5 min period.

Generalized linear mixed effect models with a logit
link function were built to test the relationship be-
tween the probability of a humpback whale call oc-
curring, whale abundance within 2 km, broadband
ambient sound levels, the presence or absence of
vessel noise, and a random effect of survey period
encompassing the variability associated with the
unique combination of individuals present at any
given moment (Table 1; R Development Core Team
2013). We built a full model based on explanatory
variables and the presence or absence of a hump-
back whale call with a SNR of 6 dB or higher, and a
more conservative full model using the presence
or absence of a humpback whale call with an SNR of
10 dB or higher as the response variable (Table 1).
The significance of each variable was assessed using
AIC model selection. Initial data exploration did not
identify any temporal correlation structure within
the data. Visual inspection of residual plots and a
goodness-of-fit test (p > 0.05) indicated that logistic
regression models were appropriate. From the linear
model output, predictions were made to generate a
trend line and 95 % confidence intervals. Model out-
put from the 6 dB model and the more conservative
10 dB model are compared.

Table 1. Variable descriptions for logistic model testing the

hypothesis that humpback whale calling behavior is

altered in response to ambient noise conditions. SNR:
signal-to-noise ratio

Response Explanatory variables

Presence of Ambient sound (dBgys 50-3000 Hz)

humpback Vessel noise present/absent
whale call Number of whales (3 km)
(+6 dB SNR) Number of whales (5 km)

Time of day

Presence of Ambient sound (dBgys 50-3000 Hz)

humpback Vessel noise present/absent
whale call Number of whales (3 km)
(+10 dB SNR) Number of whales (5 km)
Time of day
RESULTS
General

A total of 885 scan point surveys were conducted
over 66 sampling days between July—August 2015
and June-September 2016. Approximately 8188 h
of acoustic array recordings were made spanning
May-October 2015 and April-October 2016. For the
purpose of this analysis, the acoustic dataset was lim-
ited to the May—-September months. A total of 36 indi-
vidual humpback whales Megaptera novaeangliae
were identified over the 2 summer seasons: 25 indi-
viduals were identified in 2015 and 21 in 2016, with
10 of these identified in both years. Photo ID effort
was not comprehensive and likely underrepresents
the number of individuals present during the study.

Soundscape analysis

Overall daily median broadband ambient sound
levels (dBgrys in the 50 Hz-3 kHz band) over both
summers combined was 96 dB (range 86-107 dB;
Fig. 3). There was moderate variability in daily
median broadband levels within years and between
months (2015 ambient sound range = 18 dB, 2016
ambient sound range = 19 dB; Table 2); however
the data revealed little inter-annual variability. Daily
median broadband levels were slightly higher in
2016 than in 2015 (2015 = 96 dB, 2016 = 97 dB).

Broadband ambient sound levels varied on sea-
sonal and diel cycles (Fig. 4). Aural and visual spec-
trogram inspection revealed that seasonal variation
in broadband levels was driven primarily by roaring
harbor seals during the late June-early August
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Fig. 3. Daily median, 95th percentile, and 5th percentile of

broadband ambient sound levels (dBgrys re 1 pPa) in the

50-3000 Hz range over the summers of (top) 2015 and (bot-

tom) 2016 in the Beardslee Island Complex of Glacier Bay
National Park, Southeast Alaska

Table 2. Daily median, 5th percentile, and 95th percentile
ambient sound levels (dBgys re 1 pPa in the 50-3000 Hz
bandwidth) by month

Month dBRMS

5th Median 95t
May 88 95 105
June 90 99 107
July 93 103 108
August 86 94 105
September 86 92 105
Overall 87 97 107

breeding season in both 2015 and 2016 (Table 2,
Fig. 4). Diel variation in broadband levels was attrib-
uted to cruise ship vessel passages. Anomalously
high broadband ambient sound periods on the scale
of hours to days (e.g. 21 August 2016; Fig. 4) were
associated with storms accompanied by high winds
(15-27 knots) and rain. Anomalously high broadband
ambient sound periods on the scales of minutes (e.g.
10 August 2016, 10:30 h; Fig. 4) were associated with
small vessel passages through the survey area. Flow
noise associated with spring tides, appearing as diag-
onal stripes in Fig. 4, also left a moderate acoustic
signature, although it is unknown how much of this
noise is an artefact of flow noise over the hydrophone
element versus actual ambient noise from flow over
rocks and other environmental features.

Lombard Effect analyses
In total, 90 h of acoustic recordings were subset

from 49 d in June—August of 2015 and 2016. A total
of 2260 humpback whale calls were detected; 711

vocalizations spanning 36 d in the months of June,
July, and August in 2015 (n = 17 d) and 2016 (n =
19 d) met inclusion criteria for the Lombard Effect
analysis (error <100 m, localized to within 5 km of
the hydrophone array). Histograms and quantile—
quantile plots (qgplots) of source levels were gener-
ated for the low (RMS;,pang < 90 dB), mid (RMS;,pang =
90-97 dB), and high (RMS;,pana > 98 dB) noise levels
(Dunlop et al. 2014); histograms and ggplots indi-
cated that source levels were normally distributed
across noise levels. A skewed distribution at higher
noise levels, which may have indicated masking of
quieter calls as noise increased, was not observed
in this study. The median source level of calls was
131 dBgrmsre 1 pPa @ 1 m in the bandwidth of the call
(range 100-163 dB; Fig. 5). Median RMS;;ang sound
levels were 81 dB (range 60-106 dB; Fig. 5). AIC
model selection indicated that year, day of the year
and file ID did not substantially contribute to the
model, and these terms were dropped (Table 2).
Additionally, there was no evidence of a quadratic
relationship between source level and ambient
sound (Table 2). There was strong evidence that call
source level was associated with RMS; pana (Fi,700 =
323, p < 0.00001). For every 1 dB increase in the
RMS; pang sound level, the mean source level
increased by 0.81 dB (95% CI = 0.79-0.90; Fig. 5).
There was no evidence that the relationship between
estimated source level and RMS; .4 significantly dif-
fered based on the absence or presence of vessel noise
(ANCOVA, F;p; = 0.08, p = 0.78; Fig. 5). On average,
humpback whale call source levels were 50 dB
(0.3 dB SE) greater than RMS;.nq sound levels
(range 20-79 dB). There was evidence of a positive
relationship between signal excess and RMS;.nq
ambient sound (Fj 799 = 8.20, p < 0.0001). However,
the estimated magnitude of the response indicated a
0.18 dB change in signal excess for every 1 dB
change in ambient noise (95 % CI = 0.1-0.27), which
is within the range of equipment and analysis error
for source level calculations, and therefore is not sta-
tistically significant. In this study, average signal
excess in high noise was 49 + 0.2 dB, in mid noise was
50 = 0.05 dB, and in low noise was 51 + 0.2 dB. Source
levels of calls in low-noise periods averaged 1.5 dB
(95% CI = 0.75-2.25 dB) higher than calls in high-
noise periods.

Results of bootstrap analyses conducted on random
data subsets were consistent with results from linear
regression analyses conducted on the data set as a
whole. For every 1 dB increase in RMS; ,,,q sound
levels, bootstrapping produced an estimated 0.79 dB
increase in call source level (95% CI = 0.67-0.87).
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Fig. 4. Long-term spectral average of broadband ambient noise levels (dBgys re 1 pPa in 50 Hz-3 kHz band) recorded from the
easternmost hydrophone in the Bearsdlee Island Complex, Glacier Bay National Park and Preserve, Southeast Alaska in the
summer of 2016. Primary sound sources annotated with black brackets

There was no evidence that the magnitude of the
Lombard Effect differed between periods of vessel
presence and absence (p = 0.48).

Call probability analysis

A total of 102 scan point surveys spanning 29 d
from June—-August 2015 and June—-September 2016
fit the inclusion criteria for call probability model-
ing. Within this sample, 191 of the 5 min bins met
the analysis inclusion criteria by having whales
within 2 km of the hydrophone array and broad-
band ambient sound values <108 dB. Two bins
contained broadband ambient sound values in
excess of 105 dB; harbor seal roars were spectro-
graphically evident in both of these samples.
Although not included in the analysis, humpback
whale calls were aurally and visually distinguish-
able in 19 bins containing broadband ambient

Source level (dBgus re 1 yPa @ 1m)
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Fig. 5. Ambient noise levels (dB RMS re 1 pPa in the band-

width of the call) versus estimated source levels of hump-

back whale calls. Shaded area: 95% CI. The presence (Ves-

sel = Y) and absence (Vessel = N) of vessel noise is indicated
by color
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noise levels in excess of 108 dB (max. = 124 dB).
Seventy bins (36 %) contained at least one hump-
back whale vocalization with a SNR of 6 dB or
higher; 51 bins (26%) contained at least one
humpback whale vocalization with a SNR of 10 dB
or higher. Vessel noise was present in 85 bins
(45%) and absent in 106 bins (55%). Because
visual observations were only made when Beaufort
sea state conditions were 2 or less, ambient sound
levels in this analysis were independent of anom-
alous weather events or ambient noise associated
with high wind in this area.

AIC model selection indicated that the appropriate
model included only ambient sound levels and the
presence/absence of vessel noise (Table 3); the num-
ber of whales within 2 km of the hydrophone array
and sampling period were dropped from the model.
There was strong evidence of a relationship between
the likelihood of a call occurring with an SNR of 6 dB
or higher and broadband ambient sound levels (p =
0.001, Zig0,188 = =3.2). There was strong evidence of a
relationship between the likelihood of a call occur-
ring with an SNR of 6 dB or higher and the presence
or absence of vessel noise (p = 0.0005, Z;q( 153 = —3.46;
see Fig. 7, Table 4). For every 1 dB increase in broad-
band ambient sound levels, the probability of detect-
ing a humpback whale call of SNR 6 or higher de-
creased by 9% (95% CI = 8.3-9.6 %; Fig. 6). After

Table 3. Models tested for Lombard analysis including Akaike's information

controlling for ambient noise levels, the probability
of detecting a call with an SNR of at least 6 dB was
31% lower (95% CI = 16-60%) when vessel noise
was present than when vessel noise was absent. That
is to say, the probability of detecting a call when ves-
sels are present and ambient sound levels are 99 dB
was 31 % lower than when vessels were absent and
ambient sound levels were 99 dB (Fig. 7).

Using the more conservative call inclusion criteria
(SNR = 10 dB) produced functionally identical model
results (Table 4). AIC model selection indicated that
ambient sound levels and vessel noise should be
conserved within the model; the number of whales
within 2 km of the hydrophone array and sampling
period were dropped. There was strong evidence of a
relationship between the likelihood of a call occur-
ring with an SNR of 10 dB or higher and broadband
sound levels (p = 0.005, Z,q¢,133 = —2.78; Fig. 6). There
was strong evidence of a difference in the likelihood
of detecting a call with an SNR of 10 dB or higher and
the presence or absence of vessel noise (p = 0.02,
Zy90,188 = —2.24). For every 1 dB increase in broadband
ambient sound levels, the probability of a call occur-
ring decreased by 9% (95% CI = 8.5-9.7 %, Fig. 6).
At equal ambient noise levels, the probability of a
call occurring with an SNR 10 dB or higher when ves-
sel noise was present was 45% (95 % CI = 22-89%)
lower than when vessel noise was absent (Fig. 7).

DISCUSSION

criterion (AIC) values. The selected model is annotated in bold

Response variables

This study documented 2 strate-
df  AIC gies that calling humpback

Ambient noise (RMS;,pana)
Ambient noise (RMS;1anq) + vessel presence/absence

Ambient noise (RMS;,hanq) + vessel presence/absence + file ID
Ambient noise (RMS;1anq) + vessel presence/absence + quadratic 4
Ambient noise (RMS;,,anq) + Vessel presence/absence + file ID

whales Megaptera novaeangliae

3 5019.46 ips .

5 50315 on a North Pacific feeding ground

62 5237.5 employ to compensate for natural
5023.4 i i

61 52308 and man-made noise sources in

their acoustic habitat. By quanti-

Table 4. Akaike's information criterion (AIC) model selection for logistic modeling with one of 2 response variables: humpback
whale calls with a signal-to-noise ratio (SNR) of 6 dB or higher or calls with a SNR of 10 dB or higher. The selected model is

in bold

Response variables df AIC

SNR6 SNR10
Ambient noise dBgys (50-3000 Hz) + vessel noise present/absent 3 234.08 214.7
Ambient noise dBgys (50-3000 Hz) + vessel noise present/absent + (n) whales 2 km 5 236.02 216.67

+ group number

Ambient noise dBgys (50-3000 Hz) + vessel noise present/absent + group number 4 236.07 216.69
Ambient noise dBrys (50-3000 Hz) 2 244.9 218
Ambient noise dBgys (50-3000 Hz) + (n) whales 2 km 3 246.83 219.98




262 Mar Ecol Prog Ser 607: 251-268, 2018

1.0 0

~20
o 0.8+ SNR6 — 40
£ 0.6
3 04+
= O] ey 83
8 60 I I I 5 §
©
% 1.0 =0 3
25 =
Z 0.8 SNR10 - 50
§ 06
o 0.4+
b 5
0.0 0

T T T T
90 95 100 105

Broadband ambient sound
(dBgus, 50-3000 Hz)
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fying the contributions of natural and man-made
ambient sounds in this area of GBNPP and quantify-
ing humpback whale calling behavior within each of
these ambient sound regimes, we were able to inves-
tigate how humpback whales respond to natural
sounds versus vessel noise. We identified some
strategies that are used equivalently regardless of
the noise source, and other strategies that differed
based on sound sources. This study also systemati-
cally documented humpback whale calling behavior
in the absence of human activities. Such baselines
are rare and arguably obtainable only within the
bounds of marine protected areas like GBNPP where
human activities are limited.

There are 3 primary drivers of ambient sound lev-
els in the Beardslee Island complex of GBNPP, each
operating at a different temporal scale: (1) harbor
seal Phoca vitulina roars, (2) cruise ship and tour boat
passages, and (3) weather events. Seal roars are
seasonally predictable in early summer months and
between years; roars occurred at all hours of the day
without significant interruption throughout the breed-
ing season in both 2015 and 2016. Daily passages of
cruise ships and tour vessels are predictable at the
scale of hours (1-4 h twice daily) under predetermined
tourism schedules. Because medium-sized daily tour
vessels and large cruise ships operate on similar
schedules, we were not able to discriminate between
noise emanating from these 2 vessel types; their con-
tributions to the acoustic habitat were considered
jointly. Weather events are sporadic, can be acousti-

cally extreme, and occur on the scale of minutes, hours,
or days. Elevated ambient noise associated with storm
events involving wind and rain persisted for the
duration of the storm and manifested as moderate
(2-36 h) periods of loud continuous sound. Noise
associated with small vessels in this region did not
leave an obvious persistent signature on the acoustic
habitat; this is likely due to the absence of small ves-
sels in the area, and should not be misconstrued as
small vessels being negligible producers of ambient
sound. The study region is bounded by an area off-
limits to motorized vessels, and is otherwise not
along the direct path travelled by vessels en route to
glacier viewing. Additionally, independent small ves-
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Fig. 7. Probability of a humpback whale call occurring with
a signal-to-noise ratio (SNR) of (top) 6 dB or higher, or (bot-
tom) 10 dB or higher as a function of ambient sound levels.
Shaded areas: 95% confidence intervals. Green indicates
the probability of a humpback whale call occurring when
biological or environmental noise is the primary driver of
ambient sound and vessel noise is absent; red indicates the
probability of a humpback whale call occurring when vessel
noise also contributes to ambient sound levels
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sel signatures may be indistinguishable due to the
combined effect of concurrent large-vessel noise.
Therefore, while small vessels resulted in punctuated
periods of isolated sound at high levels when they
actively traversed the region, and distant noise from
small vessels was frequently present at low levels,
small vessel activity could not be identified as a
primary driver of ambient sound in the study area.
Caution should be exercised in extrapolating these
results to other regions of GBNPP or elsewhere.
Harbor seal breeding activities, including roaring,
are spatially localized, and it is unknown if roars
contribute the same acoustic energy ubiquitously
throughout GBNPP. Similarly, in other regions small
vessels may be present longer, travel faster, and
overlap more directly with important acoustic habitats.
Comparisons of acoustic habitats both within GBNPP
and between other regions in Southeast Alaska are
suggested.

Our results demonstrate that humpback whales in-
crease the source levels of their calls equally to com-
pensate for both environmental and anthropogenic
sounds. While it seems almost certain that humpback
whales have a maximum ambient sound threshold
beyond which they can no longer increase their call
amplitude, there was no evidence that this threshold
was met under the conditions of this study. Evidence
of a quadratic relationship, not observed here, would
have implied a maximum ambient sound level be-
yond which compensation remained steady. Further-
more, the maximum observed estimated call source
levels documented in this study (163 dBgys re 1 uPa
@ 1 m) were below the maximum plausible source
levels of 175-183 dBgys (Cato et al. 2001, Au et al.
2006, Dunlop et al. 2013) documented for this spe-
cies, and lower than maximum source levels (183 dB)
documented for non-song calls specifically (Dunlop
et al. 2013).

The trend for humpback whales to increase call
source levels as ambient noise from natural sound
sources rose is consistent with the Lombard Effect
observed in migrating humpback whales in response
to wind noise (Dunlop et al. 2014), although both
source levels and signal excess observed in this study
were lower than those documented along the migra-
tory corridor, which likely reflects differences in
social context. In this study we also demonstrated
that humpback whales increased source levels to
compensate for moderate levels of vessel noise. This
is contrary to what Dunlop (2016) observed along
migration. Humpback whales in the east Australian
population did not increase call source levels accord-
ing to expected trends. The most notable difference

between the 2 studies is the proximity to vessels. In
this study, vessels were between 3 and 10 km away
from animals in the survey region, while the distance
between vessels and animals observed by Dunlop
(2016) ranged from 500 m to 5.5 km. It is reasonable
to assume that the presence of a moving vessel at
close proximity combined with elevated noise levels,
like the observations from Australia, will elicit a dif-
ferent behavioral response than noise in isolation or
from distant vessels. These dissimilar circumstances
appear to have elicited different behavioral responses
between the 2 populations.

The high ambient noise levels and significant de-
creases in signal excess observed in eastern Aus-
tralia associated with close vessel passages (~127 dB)
were not observed in this region of GBNPP. There
was only a minimal decrease in signal excess associ-
ated with elevated noise observed in this study, but
at the ambient noise levels documented here it is
uncertain whether this statistic is biologically rele-
vant. Deeper investigation into the loss of signal
excess at elevated noise may prove to be a relevant
feature for predicting acoustic masking potential.
Future investigation into the calling behavior of hump-
back whales on feeding grounds at higher ambient
noise levels would enable assessment of whether
there is a peak ambient sound level beyond which
humpback whales are either incapable or unwilling
to call louder to communicate in noise. Generally,
however, the results of our analysis indicate that
within the scope of our observations, humpback
whales in GBNPP are capable of increasing source
levels as an effective strategy for reducing acoustic
masking of their vocalizations in moderate noise.

We assert that periods where humpback whale
calls were not detected likely reflect an absence of
calling. Signal excess of calls at 108 dB re 1 puPa (our
maximum observation level included in behavioral
modeling) was within 1.5 dB of signal excess at 86 dB
re 1 yPa (minimum daily median ambient sound level
for this study), so the area over which a call can be
detected, while reduced, should not have signifi-
cantly affected detectability in this study. Further, we
implemented several measures to ensure that the
lack of call detection reflected a true absence of
humpback whale calling rather than a consequence
of masking. Using harbor seal roars as a proxy, we
demonstrated that a seal calling in the same fre-
quency range and approximate source levels of a
humpback whale was detectable given our chosen
parameters. We limited our analysis to relatively low
noise periods, consistent with other studies of hump-
back whale calling behavior in noise (Dunlop et al.
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2016); although whale calls were visually and aurally
distinguishable in periods with ambient noise well
above this cutoff (max. = 124 dB). As an additional
measure of caution, we manually reviewed all high-
noise periods and omitted any periods that would
have masked humpback whale calls, and we built
several models to account for variability in detec-
tions, ultimately producing functionally identical re-
sults. Furthermore, we aggregated detections within
biologically relevant time bins to increase the likeli-
hood of identifying signals. Humpback whales in this
region and elsewhere produce calls in short bouts
(Rekdahl et al. 2015). In this study, when calls were
detected, the average number of calls within a 5 min
bin was 4.0 (+0.2 SE). Ambient noise conditions
varied over each 5 min bin, and while there is a pos-
sibility of masking distant or quiet calls, it is less
probable that all of the calls in a bout would be unde-
tectable given our choice of inclusion parameters.
Based on this effort, it is robust to assume that peri-
ods in which a humpback whale calls were not
detected reflect a true absence of calling. It is impor-
tant, however, to include the caveat that the effects of
masking can not be completely ruled out, and may
have impacted detection probability to some degree.

This study demonstrates that humpback whale vocal
activity diminishes as ambient sound levels increase.
While not exact, these results are a good proxy for a
reduction in call rates. Our results are consistent with
other cetaceans that alter their calling rates, either
positively or negatively, in response to noise. Blue
whales Balaenoptera musculus call consistently more
on days containing seismic survey noise (Di Iorio &
Clark 2010), presumably to compensate for a reduc-
tion in call detectability associated with acoustic
masking, while both beluga whales Delphinapterus
leucas and North Atlantic right whales Eubalaena
glacialis decrease their call rates in response to ele-
vated vessel noise (Lesage et al. 1999, Parks et al.
2007). Similarly, humpback whales in this study were
less likely to call as ambient noise levels increased.
This reduction in calling may be partially due to the
increased effort associated with calling more loudly;
alternatively, humpback whales may be waiting to
call until there is a reduction in ambient sound levels.
Both are consistent with our results and would ex-
plain the difference in calling probability observed
during periods containing naturally occurring sounds,
which were dominated by harbor seals, versus peri-
ods containing vessel noise.

Ambient noise associated with seals in this region
of GBNPP is pervasive, while vessel noise temporally
acute. Both substantially raise ambient noise levels,

but humpback whales react differently to harbor seal
roars than they do to vessel noise. During peak har-
bor seal breeding season, the broadband sound lev-
els of some time bins containing seal roars but absent
vessel noise were as high as bins containing cruise
ship passages (Fig. 4). Harbor seals use the Beardslee
Island region of GBNPP as a breeding ground from
June through early August, and males roar approxi-
mately once min~! throughout the 24 h day (Mat-
thews 2017, Matthews et al. 2017a). Because multiple
male harbor seals use this area, as many as 15 to
25 roars with an average source level of 144 dB (Mat-
thews et al. 2017b) could be detected in a 5 min time
period, contributing substantially to the acoustic
environment. Cruise ship noise, by contrast, is louder
at the source than harbor seal roars (approximate
source level: 171-188 dB; Kipple & Gabriele 2003,
Frankel & Gabriele 2017) and is continuous for as long
as the vessel is within acoustic range (up to 40 min).
Acoustic energy dissipates with distance, and the
diurnal cycles associated with tourism in the Park
result in 2 discrete times of day, a morning entry and
an evening departure, characterized by elevated am-
bient sound levels. In the presence of vessel noise,
humpback whales stop calling more often than they
do in the presence of seals alone; therefore, while in
this study the ambient sound values associated with
each source appear equivalent, they are quite differ-
ent in terms of their effect on the acoustic ecology of
calling humpback whales and the potential for strate-
gies that would result in a release from acoustic
masking.

It is possible that the reduction in calling effort
observed in this study is linked more directly to the
temporal characteristics of the signals (e.g. periodic
versus continuous). Qualitatively, humpback whale
calls were often detected in between harbor seal
roars, and only rarely overlapped them. This may be
an indication that whales adjust the timing of their
vocalizations as an anti-masking strategy, by calling
in between periodic sounds like harbor seal roars,
rather than calling over them. If humpback whales
consistently wait for a break in noise levels prior to
vocalizing, then continuous noise sources like vessels
may result in much longer periods between calling
bouts.

Humpback whales demonstrate high degrees of
acoustic plasticity (Payne & Payne 1985, Garland et
al. 2011) and exhibit behavioral responses to chang-
ing sound conditions that occur as a result of natural
or human activities (Baker & Herman 1989, Miller et
al. 2000, Dunlop 2016). In the case of the Lombard
Effect, vocal plasticity appears to increase resilience
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to changing ambient sound conditions by allowing
whales to maintain signal excess and thus communi-
cation space, which presumably increases the likeli-
hood of an animal communicating with their in-
tended receivers across ambient sound conditions.

It remains to be seen whether the adjustments in
calling behavior observed in this study are indicative
of a compensatory strategy to overcome masking, or
whether the reduction in calling effort is a result of
missed cues from other vocalizing whales. In the
absence of vocal compensation, increased ambient
noise levels substantially reduce the active commu-
nication space of a calling animal (Cholewiak et al.
2018, Gabriele et al. 2018). Even relatively short peri-
ods of high noise, like those observed during the
twice-daily cruise ship passages, may 'halt the con-
versation' to unknown effect. In GBNPP, where quiet
periods tend to occur between vessel noise events,
the behavioral strategy of waiting for relative quiet to
communicate with conspecifics may result in effec-
tive communication with less effort expended. How-
ever, in the many parts of the ocean characterized by
chronic anthropogenic noise, this same strategy may
not allow a sufficient number of opportunities to
communicate over distances comparable to ‘quiet’
conditions (Clark et al. 2009, Hatch et al. 2012), with
potential negative impacts to individuals that may
have cascading effects. While the functions of feed-
ing ground vocalizations are not well understood, it is
known that humpback whales use vocalizations at
high latitudes in concert with critical life functions
including foraging (D'Vincent et al. 1985, Stimpert et
al. 2007, Fournet et al. 2018a), social interactions
(Wild & Gabriele 2014, Fournet 2014), and potentially
as a precursor to breeding activities (Gabriele &
Frankel 2002). A deeper understanding of the role of
acoustic communication from a behavioral ecology
perspective holds high conservation value.

Vessel behavior in GBNPP allowed us to acousti-
cally and visually document humpback whale be-
havior during periods of relative ‘quiet’. Quiet ocean
conditions in which to study unaltered behavior are
increasingly rare, and yet are critically important
both for understanding natural animal behavior and
potentially providing an acoustic respite for sound-
sensitive species. Although humpback whale calling
behavior documented here may be specific to south-
eastern Alaska, it will serve as a useful metric against
which to assess the ‘normal’ range of acoustic behav-
ior in this widespread and dynamic species.

Our findings highlight the importance of framing be-
havioral research in the context of broader acoustic
ecology. It is our hope that future studies will adopt

this trend and that as a scientific community we will
generate a body of work that investigates the impact
of anthropogenic noise from a broader, ecosystem-
based perspective. Moreover, incorporating ambient
noise metrics such as the number and duration of
noise-free intervals in various humpback whale
acoustic habitats may allow a better assessment of
the biological ramifications of the strategies used by
humpback whales in response to anthropogenic noise.

Acknowledgements. We acknowledge Captain Paul
Weltzin, Deckhand John Martin and the crew of the M/V
'Lite Weight' for hydrophone deployment and recovery sup-
port (this means you, Betty), and to Alex Turpin and Matt
Fowler for technical support. We also extend our gratitude
to our field technicians David Culp, Morgan Kroeger,
Thomas Plank, Kate Pospisil, Amber Swicegood, and Lucas
Williams. Thanks to Janet Neilson and Liz Marquez for
photo-identification support, and to the town of Gustavus
for logistical support and morale boosting. This work was
funded by the National Park Service's Alaska Coastal Mar-
ine Grant program, a Mamie Markham Research Award,
and the Merlin Foundation. This is PMEL contribution
number 4779.

LITERATURE CITED

]< Au WWL, Green M (2000) Acoustic interaction of humpback

whales and whale-watching boats. Mar Environ Res 49:
469-481

]\'{Au WWL, Pack AA, Lammers MO, Herman LM, Deakos

MH, Andrews K (2006) Acoustic properties of humpback
whale songs. J Acoust Soc Am 120:1103-1110

Baker CS, Herman LM (1989) Behavioral responses of sum-
mering humpback whales to vessel traffic: experiments
and opportunistic observations. Tech Rep NPS-NR-TRS-
89-01, US Department of the Interior, National Park
Service, Anchorage, AK

ZBlair HB, Merchant ND, Friedlander AS, Wiley DN, Parks

SE (2016) Evidence for ship noise impacts on humpback
whale foraging behaviour. Biol Lett 12:20160005

Bradbury JW, Vehrencamp SL (eds) (2011) Principles of
animal communication, 2" edn. Sinauer Associates,
Sunderland, MA

]\< Brumm H, Slabbekoorn H (2005) Acoustic communication in

noise. Adv Stud Behav 35:151-209

A‘Buckingham MJ, Garcés MA (1996) Canonical model of

volcano acoustics. J Geophys Res Solid Earth 101:
8129-8151

Canty A, Ripley B (2012) boot: Bootstrap R (S-Plus) func-
tions. R package version 1.3-4

]% Cato DH (1976) Ambient sea noise in waters near Australia.

J Acoust Soc Am 60:320-328

Cato DH, Paterson R, Paterson P (2001) Vocalisation rates
of migrating humpback whales over 14 years. Mem
Queensl Mus 47:481-489

HCerchio S, Dahlheim M (2001) Variation in feeding vocal-

izations of humpback whales Megaptera novaeangliae
from Southeast Alaska. Bioacoustics 11:277-295

] Cerchio S, Strindberg S, Collins T, Bennett C, Rosenbaum H

(2014) Seismic surveys negatively affect humpback


https://doi.org/10.1016/S0141-1136(99)00086-0
https://doi.org/10.1121/1.2211547
https://doi.org/10.1098/rsbl.2016.0005
https://doi.org/10.1016/S0065-3454(05)35004-2
https://doi.org/10.1371/journal.pone.0086464
https://doi.org/10.1080/09524622.2001.9753468
https://doi.org/10.1121/1.381109
https://doi.org/10.1029/95JB01680

266

Mar Ecol Prog Ser 607: 251-268, 2018

whale singing activity off northern Angola. PLOS ONE 9:
86464
Cholewiak D, Clark CW, Ponirakis D, Frankel A and others
(2018) Communicating amidst the noise: modeling the
aggregate influence of ambient and vessel noise on
baleen whale communication space in a national marine
sanctuary. Endang Species Res 36:59-75
Clark CW, Ellison WT, Southall BL, Hatch L, Van Parijs SM,
Frankel A, Ponirakis D (2009) Acoustic masking in mar-
ine ecosystems: intuitions, analysis, and implication. Mar
Ecol Prog Ser 395:201-222
Code of Federal Regulations (2001) 36 CFR §13.65 - Glacier
Bay National Park and Preserve. US Government Pub-
lishing Office, Washington, DC, p 197-204
] Corkeron PJ (1995) Humpback whales (Megaptera novae-
angliae) in Hervey Bay, Queensland: behaviour and
responses to whale-watching vessels. Can J Zool 73:
1290-1299
Crutzen PJ, Stoermer EF (2000) The Anthropocene. Glob
Change Newsl 41:17-18
D'Vincent C, Nilson RM, Hanna RE (1985) Vocalization and
coordinated feeding behavior of the humpback whale in
southeastern Alaska. Sci Rep Whales Res Inst 36:41-47
DiIorio L, Clark CW (2010) Exposure to seismic survey alters
blue whale acoustic communication. Biol Lett 6:334-335
]\(Dunlop RA (2016) The effect of vessel noise on humpback
whale, Megaptera novaeangliae, communication be-
haviour. Anim Behav 111:13-21
]\(Dunlop RA (2017) Potential motivational information en-
coded within humpback whale non-song vocal sounds.
J Acoust Soc Am 141:2204-2213
ZDunlop RA, Noad MJ, Cato DH, Stokes D (2007) The social
vocalization repertoire of east Australian migrating hump-
back whales (Megaptera novaeangliae). J Acoust Soc
Am 122:2893-2905
ﬁiDunlop RA, Cato DH, Noad MJ (2008) Non-song acoustic
communication in migrating humpback whales (Mega-
ptera novaeangliae). Mar Mamm Sci 24:613-629
Dunlop RA, Cato DH, Noad MJ (2010) Your attention please:
increasing ambient noise levels elicits a change in com-
munication behaviour in humpback whales (Megaptera
novaeangliae). Proc R Soc B 277:2521-2529
ZDunlop RA, Cato DH, Noad MJ, Stokes DM (2013) Source
levels of social sounds in migrating humpback whales
(Megaptera novaeangliae). J Acoust Soc Am 134:706-714
ZDunlop RA, Cato DH, Noad MJ (2014) Evidence of a Lom-
bard response in migrating humpback whales (Mega-
ptera novaeangliae). J Acoust Soc Am 136:430-437
A Erbe C, Verma A, McCauley R, Gavrilov A, Parnum I (2015)
The marine soundscape of the Perth Canyon. Prog
Oceanogr 137:38-51
]\(Finneran JJ (2015) Noise-induced hearing loss in marine
mammals: a review of temporary threshold shift studies
from 1996 to 2015. J Acoust Soc Am 138:1702-1726
Fournet M (2014) Social calling behavior of southeast
Alaskan humpback whales (Megaptera novaeangliae):
classification and context. Marine Resource Management.
Masters thesis, Oregon State University, Corvallis, OR
ﬁ{Fournet ME, Szabo A, Mellinger DK (2015) Repertoire and
classification of non-song calls in Southeast Alaskan
humpback whales (Megaptera novaeangliae). J Acoust
Soc Am 137:1-10
Fournet MEH, Gabriele CM, Sharpe F, Straley JM, Szabo A
(2018a) Feeding calls produced by solitary humpback
whales. Mar Mamm Sci 34:851-865

A¢Fournet MEH, Matthews LP, Gabriele CM, Mellinger DK,
Klinck H (2018b) Source levels of foraging humpback
whale calls. J Acoust Soc Am 143:EL105-EL111

A¢Fox CG, Matsumoto H, Lau TKA (2001) Monitoring Pacific
Ocean seismicity from an autonomous hydrophone array.
J Geophys Res Solid Earth 106:4183-4206

AFrankel AS, Gabriele CM (2017) Predicting the acoustic
exposure of humpback whales from cruise and tour
vessel noise in Glacier Bay, Alaska, under different man-
agement strategies. Endang Species Res 34:397-415

Gabriele CM, Frankel AS (2002) The occurrence and signif-
icance of humpback whale songs in Glacier Bay, south-
eastern Alaska. Arct Res US 16:42-47

A Gabriele CM, Poniakis DW, Clark CW, Womble JN, Vanse-
low PBS (2018) Underwater acoustic ecology metrics in
an Alaska marine protected area reveal marine mammal
communication masking and management alternatives.
Front Mar Sci 5:270

Garcés MA, Fee D, Matoza R, Fagents SA, Gregg TKP,
Lopes RMS (2013) Volcano acoustics. In: Fagents S,
Gregg T, Lopes R (eds) Modeling volcanic processes: the
physics and mathematics of volcanism. Cambridge Uni-
versity Press, Cambridge, p 359-383

A‘Garland EC, Goldizen AW, Rekdahl ML, Constantine R and
others (2011) Dynamic horizontal cultural transmission of
humpback whale song at the ocean basin scale. Curr Biol
21:687-691

A‘Hatch LT, Clark CW, Van Parijs SM, Frankel AS, Ponirakis
D (2012) Quantifying loss of acoustic communication
space for right whales in and around a US National Mar-
ine Sanctuary. Conserv Biol 26:983-994

A¢Haver SM, Klinck H, Nieukirk SL, Matsumoto H, Dziak RP,
Miksis-Olds JL (2017) The not-so-silent world: measur-
ing Arctic, Equatorial, and Antarctic soundscapes in the
Atlantic Ocean. Deep Sea Res I 122:95-104

] Haver SM, Gedamke J, Hatch LT, Dziak RP and others
(2018) Monitoring long-term soundscape trends in US
waters: the NOAA/NPS Ocean Noise Reference Station
Network. Mar Policy 90:6-13

Hawthorne DL, Hodge KB, Bailey H, Rice AN, Klinck H
(2018) Validation of a near-field beamforming acoustic
localization algorithm for large baseline marine arrays
using in-situ playbacks. In: 8th Int Workshop on Detec-
tion, Classification, Localization, and Density Estimation,
4-8 June 2018, Paris, p 42 (Abstract)

A‘Herman LM (2017) The multiple functions of male song
within the humpback whale (Megaptera novaeangliae)
mating system: review, evaluation, and synthesis. Biol
Rev Camb Philos Soc 92:1795-1818

ﬁg Hildebrand JA (2009) Anthropogenic and natural sources
of ambient noise in the ocean. Mar Ecol Prog Ser 395:
5-20

Horel J, Splitt M, Dunn L, Pechmann J and others (2002)
Mesowest: cooperative mesonets in the western United
States. Bull Am Meteorol Soc 83:211-225

H'Katona SK, Whitehead HP (1981) Identifying humpback
whales using their natural markings. Polar Rec (Gr Brit)
20:439-444

] Kavanagh AS, Owen K, Williamson MJ, Blomberg SP and
others (2017) Evidence for the functions of surface-active
behaviors in humpback whales (Megaptera novaean-
gliae). Mar Mamm Sci 33:313-334

HKight CR, Swaddle JP (2011) How and why environmental
noise impacts animals: an integrative, mechanistic review.
Ecol Lett 14:1052-1061


https://doi.org/10.1139/z95-153
https://doi.org/10.1016/j.anbehav.2015.10.002
https://doi.org/10.1121/1.4978615
https://doi.org/10.1121/1.2783115
https://doi.org/10.1111/j.1748-7692.2008.00208.x
https://doi.org/10.1121/1.4807828
https://doi.org/10.1121/1.4883598
https://doi.org/10.1016/j.pocean.2015.05.015
https://doi.org/10.1121/1.4927418
https://doi.org/10.1121/1.4904504
https://doi.org/10.1121/1.5023599
https://doi.org/10.1111/j.1461-0248.2011.01664.x
https://doi.org/10.1111/mms.12374
https://doi.org/10.1017/S003224740000365X
https://doi.org/10.3354/meps08353
https://doi.org/10.1111/brv.12309
https://doi.org/10.1016/j.marpol.2018.01.023
https://doi.org/10.1016/j.dsr.2017.03.002
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22891747&dopt=Abstract
https://doi.org/10.1016/j.cub.2011.03.019
https://doi.org/10.3389/fmars.2018.00270
https://doi.org/10.3354/esr00857
https://doi.org/10.1029/2000JB900404

Fournet et al.: Humpback whales respond to noise

267

Kipple B, Gabriele C (2003) Glacier Bay underwater noise —
2000 through 2002. Tech Rep NSWCCD-71-TR-2004/521.
Naval Surface Warfare Center, Bremerton, WA

Kong LSL, Dziak RP, Fox CG (1995) Detection and location
of Hawaiian earthquakes using NE Pacific military
hydrophone arrays. Eos (Wash DC) 76:385

]\(Lesage V, Barrette C, Kingsley MCS, Sjare B (1999) The
effect of vessel noise on the vocal behavior of belugas in
the St. Lawrence River Estuary, Canada. Mar Mamm Sci
15:65-84

]\(Lewis SL, Maslin MA (2015) Defining the Anthropocene.
Nature 519:171-180

Malme CI, Miles PR, McElroy PT (1982) The acoustic envi-
ronment of humpback whales in Glacier Bay and Freder-
ick Sound/Stephens Passage, Alaska. NOAA National
Marine Fisheries Service Report No. 4848, Seattle, WA

Matthews LP (2017) Harbor seal (Phoca vitulina) reproduc-
tive advertisement behavior and the effects of vessel
noise. PhD dissertation, Syracuse University

ﬁ<Matthews LP, Gabriele CM, Parks SE (2017a) The role of
season, tide, and diel period in the presence of harbor
seal (Phoca vitulina) breeding vocalizations in Glacier
Bay National Park and Preserve, Alaska. Aquat Mamm

43:537-546

#Matthews LP, Parks SE, Fournet MEH, Gabriele CM,
Womble JN, Klinck H (2017b) Source levels and call
parameters of harbor seal breeding vocalizations near a
terrestrial haulout site in Glacier Bay National Park and

Preserve. J Acoust Soc Am 141:EL274-EL280

#A‘McDonald MA, Hildebrand JA, Webb SC (1995) Blue and

fin whales observed on a seafloor array in the Northeast
Pacific. J Acoust Soc Am 98:712-721

HMcKenna MF, Ross D, Wiggins SM, Hildebrand JA (2012)
Underwater radiated noise from modern commercial
ships. J Acoust Soc Am 131:92-103

ﬁiMcKenna MF, Gabriele C, Kipple B (2017) Effects of marine
vessel management on the underwater acoustic envi-
ronment of Glacier Bay National Park, AK. Ocean Coast
Manage 139:102-112

FMiller PJ, Biassoni N, Samuels A, Tyack PL (2000) Whale
songs lengthen in response to sonar. Nature 405:903

Nishimura CE, Conlon DM (1993) IUSS dual use—monitor-
ing whales and earthquakes using SOSUS. Mar Technol
Soc J 27:13-21

Pacini AF, Nachtigall PE (2016) Hearing in whales and dol-
phins: relevance and limitations. In: Popper A, Hawkins
A (eds) The effects of noise on aquatic life II. Springer,

New York, NY, p 801-807

HParks SE, Clark CW, Tyack PL (2007) Short- and long-term
changes in right whale calling behavior: the potential
effects of noise on acoustic communication. J Acoust Soc

Am 122:3725-3731

]\(Parks SE, Urazghildiiev I, Clark CW (2009) Variability in
ambient noise levels and call parameters of North
Atlantic right whales in three habitat areas. J Acoust Soc
Am 125:1230-1239

Parks SE, Groch K, Flores P, Sousa-Lima R, Urazghildiiev IR
(2016) Humans, fish, and whales: how right whales mod-
ify calling behavior in response to shifting background
noise conditions. In: Popper AN, Hawkins A (eds) The
effects of noise on aquatic life II. Spring Press, New York,

NY, p 809-813

FPatricelli G, Blickley JJL (2006) Avian communication in
urban noise: causes and consequences of vocal adjust-
ment. Auk 123:639-649

]\(Payne RS, McVay S (1971) Songs of humpback whales.
Science 173:585-597
Payne K, Payne R (1985) Large scale changes over 19 years
in songs of humpback whales in Bermuda. Ethology 68:
89-114
]% Popper AN, Hastings MC (2009) The effects of human-
generated sound on fish. Integr Zool 4:43-52
A Potvin DA, Parris KM, Mulder RA (2011) Geographically
pervasive effects of urban noise on frequency and syl-
lable rate of songs and calls in silvereyes (Zosterops
lateralis). Proc R Soc B 278:2464-2469
R Development Core Team (2013) R: a language and en-
vironment for statistical computing. R Foundation for
Statistical Computing, Vienna
#Rekdahl ML, Dunlop RA, Goldizen AW, Garland EC, Bias-
soni N, Miller P, Noad MJ (2015) Non-song social call
bouts of migrating humpback whales. J Acoust Soc Am
137:3042-3053
Richardson WJ, Greene CR, Malme CI, Thomson DH,
Moore SE, Wiirsig B (2013) Marine mammals and noise.
Academic Press, New York, NY
,\'{ Rolland RM, Parks SE, Hunt KE, Castellote M and others
(2012) Evidence that ship noise increases stress in right
whales. Proc R Soc B 279:2363-2368
FRosenbaum HC, Maxwell SM, Kershaw F, Mate B (2014)
Long-range movement of humpback whales and their
overlap with anthropogenic activity in the South Atlantic
Ocean. Conserv Biol 28:604-615
Scheifele PM, Darre M (2005) Noise levels and sources in
the Stellwagen Bank National Marine Sanctuary and
the St. Lawrence River Estuary. Marine Conservation
Series MSD-05-01. US Department of Commerce, National
Oceanic and Atmospheric Administration, Marine Sanc-
tuaries Division, Silver Spring, MD
] Scheifele PM, Andrew S, Cooper RA, Darre M, Musiek FE,
Max L (2005) Indication of a Lombard vocal response in
the St. Lawrence River beluga. J Acoust Soc Am 117:
1486-1492
Sharman LC (2017) Glacier Bay, Alaska selected months
1993-2016 physical oceanography observations. US De-
partment of the Interior National Parks Service SE Alaska,
I and M Network
] Silber GK (1986) The relationship of social vocalizations to
surface behavior and aggression in the Hawaiian hump-
back whale (Megaptera novaeangliae). Can J Zool 64:
2075-2080
A‘Simpson SD, Radford AN, Nedelec SL, Ferrari MCO,
Chivers DP, McCormick MI, Meekan MG (2016) Anthro-
pogenic noise increases fish mortality by predation. Nat
Commun 7:10544
A’ stimpert AK, Wiley DN, Au WWL, Johnson MP, Arsenault R
(2007) 'Megapclicks’: acoustic click trains and buzzes
produced during night-time foraging of humpback whales
(Megaptera novaeangliae). Biol Lett 3:467-470
A¢stimpert AK, Au WW, Parks SE, Hurst T, Wiley DN (2011)
Common humpback whale (Megaptera novaeangliae)
sound types for passive acoustic monitoring. J Acoust Soc
Am 129:476-482
Straley JM, Gabriele CM (1997) Humpback whales of
southeastern Alaska: a catalog of photographs. www.
alaskahumpbacks.org
Thompson PO, Cummings WC, Ha SJ (1986) Sounds, source
levels, and associated behavior of humpback whales,
Southeast Alaska. J Acoust Soc Am 80:735-740
] Tyack P (1983) Differential response of humpback whales,


https://doi.org/10.1111/j.1748-7692.1999.tb00782.x
https://doi.org/10.1038/nature14258
https://doi.org/10.1578/AM.43.5.2017.537
https://doi.org/10.1121/1.4978299
https://doi.org/10.1121/1.413565
https://doi.org/10.1121/1.3664100
https://doi.org/10.1016/j.ocecoaman.2017.01.015
https://doi.org/10.1038/35016148
https://doi.org/10.1121/1.2799904
https://doi.org/10.1121/1.3050282
https://doi.org/10.1642/0004-8038(2006)123%5b639%3AACIUNC%5d2.0.CO%3B2
https://doi.org/10.1007/BF00295075
https://doi.org/10.1121/1.3504708
https://doi.org/10.1098/rsbl.2007.0281
https://doi.org/10.1038/ncomms10544
https://doi.org/10.1139/z86-316
https://doi.org/10.1121/1.1835508
https://doi.org/10.1111/cobi.12225
https://doi.org/10.1098/rspb.2011.2429
https://doi.org/10.1121/1.4921280
https://doi.org/10.1098/rspb.2010.2296
https://doi.org/10.1111/j.1749-4877.2008.00134.x
https://doi.org/10.1126/science.173.3997.585

268

Mar Ecol Prog Ser 607: 251-268, 2018

Megaptera novaeangliae, to playback of song or social
sound. Behav Ecol Sociobiol 13:49-55
Urick RJ (1983) Principles of underwater sound. McGraw-
Hill Ryerson, New York, NY
ﬁ<Van Opzeeland I, Van Parijs S, Kindermann L, Burkhardt E,
Boebel O (2013) Calling in the cold: pervasive acoustic
presence of humpback whales (Megaptera novaean-
gliae) in Antarctic coastal waters. PLOS ONE 8:e73007
Vavrek MJ (2011) Fossil package: palaeoecological and
palaeogeographical analysis tools. Palaeontol Elec-
tronica 14:1-16
]\‘QWeilgart LS (2007) The impacts of anthropogenic ocean
noise on cetaceans and implications for management.
Can J Zool 85:1091-1116
FWeinrich M, Corbelli C (2009) Does whale watching in
southern New England impact humpback whale (Mega-

Editorial responsibility: Peter Corkeron,
Woods Hole, Massachusetts, USA

ptera novaeangliae) calf production or calf survival?
Biol Conserv 142:2931-2940

ﬁg Weir CR (2008) Overt responses of humpback whales (Mega-
ptera novaeangliae), sperm whales (Physeter macro-
cephalus), and Atlantic spotted dolphins (Stenella frontalis)
to seismic exploration off Angola. Aquat Mamm 34:71-83

]\'{ Wenz GM (1962) Acoustic ambient noise in the ocean: spec-

tra and sources. J Acoust Soc Am 34:1936-1956
A Whitehead H (1985) Why whales leap. Sci Am 252:84-93
Wild LA, Gabriele CM (2014) Putative contact calls made by

humpback whales (Megaptera novaeangliae) in south-
eastern Alaska. Can Acoust 42:23-31

A Zoidis AM, Smultea MA, Frankel AS, Hopkins JL and others
(2008) Vocalizations produced by humpback whale
(Megaptera novaeangliae) calves recorded in Hawaii.
J Acoust Soc Am 123:1737-1746

Submitted: May 3, 2018; Accepted: October 10, 2018
Proofs received from author(s): November 16, 2018


https://doi.org/10.1371/journal.pone.0073007
https://doi.org/10.1139/Z07-101
https://doi.org/10.1016/j.biocon.2009.07.018
https://doi.org/10.1121/1.2836750
https://doi.org/10.1038/scientificamerican0385-84
https://doi.org/10.1121/1.1909155
https://doi.org/10.1578/AM.34.1.2008.71



